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Hall effects have been employed as sensitive detectors of magnetic fields and 
magnetizations 1 2 . In spintronics, exotic phenomena often emerge from a non¬ 
equilibrium spin polarization or magnetization 3 6 , that is very difficult to mea¬ 
sure directly. The challenge is due to the tiny total moment, which is out of reach 
of superconducting quantum interference devices and vibrating sample magne¬ 
tometers or spectroscopic methods such as X-ray magnetic circular dichroism. 
The Kerr effect is sufficiently sensitive only in direct gap semiconductors, in 
which the Kerr angle can be resonantly enhanced 7 . Here we demonstrate that 
even one excess spin in a million can be detected by a Hall effect at room tem¬ 
perature. The novel Hall effect is not governed by the spin Hall conductivity 
but by its energy derivative thereby related to the spin Nernst effect 8 . 
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In principle, a non-equilibrium magnetization (m) should induce an electromotive force 
E A he perpendicular to an applied current density j c analogous to the anomalous Hall effect 
(AHE) 29 in ferromagnets as illustrated in Fig. 1: 

E A he oc j c x m. (1) 

Since Hall measurements do not require specific structures or sample sizes, they may serve as 
a more flexible electrical probe of m than the contact voltage to ferromagnetic electrodes 1012 . 
However, such a non-equilibrium anomalous Hall effect has only been observed in a few 
semiconductors in which the optically excited spin polarization P, i.e. the ratio of the spin 
polarized to the total density, is very high 13 15 (P > 10 %). In conventional metals the spin 
polarization due to the non-equilibrium magnetization is far below O.l/'cf®, which appears 
to have discouraged researchers to attempt detection by a Hall voltage. 

In this paper we show that a non-equilibrium magnetization causes a detectable Hall 
voltage even in a metal and at room temperature owing to a novel mechanism formulated 
below. Figure 2a is a schematic illustration of our measurement setup. The sample is a bi¬ 
layer of nonmagnetic iridium-doped copper (Cug 5 lr 5 ) and a ferrimagnetic insulator yttrium 
iron garnet (YIG). A non-equilibrium magnetization m is injected into the Cug 5 lr 5 layer via 
the spin pumping from the YIG layei^ 5 ^ the orientation of which is antiparallel to the YIG 
magnetization. We apply a magnetic field normal to the sample surface so that the YIG 
magnetization is aligned perpendicular to the interface. In this out-of-plane magnetization 
configuration, there is no dc inverse spin Hall effect (ISHE) by symmetry^ 8 (see the Supple¬ 
mentary Information). We then apply an in-plane electric current, j c , and measure the Hall 
voltage, Vh, hi the direction perpendicular to the current using a five-probe method. All the 
measurements are carried out at room temperature. 

Figure 2b shows the Hall voltage in a Cu95lr, 5 (24 nm)/YIG sample without microwave 
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excitation. The observed Hall voltage is proportional to the external magnetic field, as 
expected for the ordinary Hall effect. The inset shows a Hall resistance that linearly scales 
with magnetic fields up to 10000 Oe, which is well above the magnetization saturation field 
of the YIG layer (< 2000 Oe), clearly excluding an anomalous-type Hall effect generated, 
e.g., in the CU 95 E 5 layer next to YIG if magnetized by an equilibrium proximity effectP^i 

Figure 2c is the absorption spectrum of microwaves at 50 mW power; the data shows the 
ferromagnetic resonance (FMR) of the YIG layer around 4920 Oe. In Fig. 2d, we show the 
Hall voltage measured when applying the same microwave powers and different currents. 
For vanishing currents (the black curve at the bottom in Fig. 2d), the Hall voltage is 
almost zero even at the FMR, which confirms that the ISHE is forbidden in the out-of-plane 
magnetization configuration 18 . 

Surprisingly, when the microwave and electric currents are simultaneously applied, a 
conspicuous Hall voltage emerges at the ferromagnetic resonance field Hpmr, as shown in 
Fig. 2d, which scales with the applied current. The peak voltage dependence on the out-of¬ 
plane magnetic field angle #h (see Fig. 2e) is shown in Fig. 2f; its sign changes by reversing 
the field direction and it vanishes for in-plane magnetic fields ($h = 0 and 180°). The 
odd magnetic-field symmetry manifests time-reversal symmetry breaking in CU 95 E 5 , which 
proves that a spin polarization is the origin of the observed features. 

The Hall voltage measured under microwave irradiation and for currents with opposite 
directions is displayed in Fig. 3a. Both the ordinary Hall effect (background slope) and 
the peak at Hpmr change their signs with the current reversal, therefore the ISHEs or 
magnetoelectric rect ificat ion 2 " i2 l are clearly ruled out. The magnitude of the peak signal 
is proportional to the applied current, as shown in Fig. 3b, consistent with Eq. (1) and, 
hence, is attributed to the anomalous Hall effect, which disappears when microwave is off. 
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Figures 3c and 3d show that the measured anomalous Hall voltage Vahe scales propor¬ 
tionally with the microwave power. In sharp contrast, the normal Hall contribution does not 
depend on excitation power. This distinctive difference in the microwave response demon¬ 
strates that the peak signal is caused by spin pumping. We confirmed that the out-of-plane 
magnetization angle (0 m) dependence of the normalized AHE signal (open circles in Fig. 3e) 
is well reproduced by the perpendicular component of the non-equilibrium magnetization in 
the metal layer as predicted in Eq. (1) (see the Supplementary Information) 18 . 

Figure 3f shows the Hall voltage measured in a Cug 5 lr 5(12 nm)/YIG sample and in a 
Cu 95 lr 5(12 nm)/SiO 2(10 nm)/YIG sample in which a Si 02 layer is inserted between the 
Cug 5 lr 5 and the YIG layers. At zero microwave excitation, the both samples show similar 
ordinary Hall effects. On the other hand, at 50 rnW microwave excitation, the AHE peak 
signal is absent in the presence of the Si 02 layer because the spin pumping process requires 
direct exchange interaction between the magnet and the metal layer 23 21 . The observed 
suppression of the AHE signal by the insulating layer again supports our scenario of a 
non-equilibrium AHE. 

We phenomenologically describe the observations using a diffusion theory of the spin 
Hall effect (SHE). The non-equilibrium magnetization in CU 95 H 5 can be considered due 
to a spin accumulation as sketched in Fig. 1, of which the magnitude is defined as the 
difference between chemical potentials of spin-up and spin-down electrons: /i s = /A — /A. 
Here we define the up-spin direction is antiparallel to m. When a longitudinal electric 
held (E) is applied, Hall currents are induced via the spin-orbit interaction 4 25 : jj^ = 
^she* 7 x E. where crg^ is the spin Hall conductivity for the up (down) spin electrons and 
<r the electron spin polarization vector. For small /i s , < 7 gj^ can be expanded as = 

1/2[<7she ± (<9ctshe/<9£)/u,/2], in which cxshe is the spin Hall conductivity in the equilibrium 
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state and the derivative is taken at the Fermi energy. The total SHE-induced Hall currents 
reads: 

. n/Tnrrn II -TV) 

( 2 ) 




de 2 |mj 

where —rh/|m| denotes the spin polarization vector of the more populated sub-band. Ac¬ 
cording to Eq. (2), the non-equilibrium AHE in the linear response in fi s is proportional 
to the energy derivative of the spin Hall conductivity (<9cr SHE /<9£), while the conventional 
spin Hall effect (anomalous Hall effect) scales with oshe (^ahe)- Figure 4 shows the Cu 9 5 Ir 5 - 
thickness dependence of the non-equilibrium AHE resistance measured at 50 mW microwave 
excitation; the decay trend is well explained by Equation (2) (see Equation (S7) in the Sup¬ 
plementary Information). The fit in Fig. 4 yields the spin diffusion length in Cu 9 5 Ir 5 


X s = 24 nm, the spin mixing conductance of the Cug 5 lr 5 /YIG interface g? = 8.4 x 10 18 / 


m 


and the energy derivative of the spin Hall conductivity <9<7she/ de = —9620 J2 _1 m _1 /meV. 
dasnE/de has the same sign as ctshe in Cugglr^ which suggests an enhanced spin Hall effi¬ 
ciency with increasing Fermi energy. We thus can calculate the thickness dependence of the 
averaged spin accumulation jx s and spin polarization P as shown in the inset of Fig. 4 (see the 
Supplementary Information for its definition) 26 , in which P is as small as 1 ppm under our ex¬ 
perimental conditions. <9<7 she/< 9£ is closely related to the spin Nernst coefficient as calculated 
from Erst principles for various impurities in copper, i.e. <9<7she/<9£ = 2000 n -1 m -1 /meV 
for gold-doped copper and Soy he/ <9- = 230 Q -1 m -1 /meV for bismuth-doped coppei 8 . 

(9(Jshe /de can be decomposed into two terms: 


<9oshe _ da 90 sue 

—x- — w - ^SHE H-x-cr 

ae oe oe 


(3) 


where we define the spin Hall angle as 0 S he = cr SHE/c r and a is the conductivity of the 
Cugsirs him. Since da/de = S/eL 0 T (S the Seebeck coefficient, L 0 the Lorenz number)^, 
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we may estimate $she da/de = —35 Q _1 rn _1 /rneV with S = 3.5 /xV/K as measured in 
a Cug 5 lr 5 film and $she = —0.02 from Ref. 25 . This estimate implies that the first term 
in Eq. (3) is negligibly small in the present system, while the second term dominates 
with dOsnE/de = —2.6/eV. Such a strongly energy-dependent spin Hall angle, which can 
be semi-qualitatively understood with an independent theoretical study on resonant skew 
scattering of iridium impurities in copper 28 that suggests similar behavior in other systems 
with resonant skew scattering®. While the spectral properties of the spin Hall effect can 
be investigated by finite bias voltage^®, <9 #she/< 9£ has not been accessed yet. The present 
method thus provides information relevant for designing and testing spin Hall material^ 0 . 

In conclusion, the Hall detection of ppm-order spin polarization offers a straightforward 
approach to detect tiny non-equilibrium magnetizations electrically and non-invasively using 
simple sample structures without ferromagnetic electrodes. This measurement also manages 
to determine the energy dependence of the spin Hall conductivity around the Fermi energy 
without carrier doping or thermal gradients and is applicable to a wide range of materials. 
Our method should help setting up an extensive database of spin Hall and spin Nernst 
coefficients for conductors that are potentially relevant for spin Hall devices. 

Method 

The single-crystal yttrium iron garnet (YIG) films used in the present work were prepared 
by liquid phase epitaxy (LPE) on a gallium gadolinium garnet substrate. All samples were 
cut from a single 4.5 /xrn LPE YIG film. To achieve good-YIG/Cug 5 lr 5 interfaces, the YIG 
films underwent an acid pickling process before being transferred into high vacuum under 
which they were annealed in-situ for three hours at 500° C before the Cugslrs layer was 
sputtered at room temperature. The Cug 5 lr 5 thickness was calibrated by X-ray reflectome- 
try using control samples. The crystallographic properties of the YIG/Cug 5 lr, 5 device were 
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characterized by transmission electron microscopy (TEM) and x-ray diffractometry, to con¬ 
firm that the YIG films were high quality single crystals with a lattice constant of 12.376 A, 
while the CU 95 IT 5 layers showed multi-crystalline structures without a preferred orientation. 
During electric measurement the sample is placed at the center of a TEon microwave cavity 
with the resonance frequency of 9.45 GHz and the microwave held is along the x axis as 
defined in Fig. 2a. 



1. Hall, E. H. On the New Action of Magnetism on a Permanent Electric Current. Phil. Mag. 


10 , 301 (1880). 

2. Nagaosa, N., Sinova, J., Onoda, S., MacDonald, A. H. & Ong, N. P. Anomalous hall effect. 
Rev. Mod. Phys. 82 , 1539-1592 (2010). 

3. Baibich, M. N. et al. Giant magnetoresistance of (001)Fe/(001)Cr magnetic superlattices. 
Phys. Rev. Lett. 61 , 2472-2475 (1988). 

4. Hirsch, J. E. Spin hall effect. Phys. Rev. Lett. 83, 1834-1837 (1999). 

5. Tserkovnyak, Y., Brataas, A. & Bauer, G. E. W. Enhanced Gilbert damping in thin ferro¬ 
magnetic films. Phys. Rev. Lett. 88, 117601 (2002). 

6. Zutic, I., Fabian, J. & Das Sarma, S. Spintronics: Fundamentals and applications. Rev. Mod. 
Phys. 76 , 323-410 (2004). 

7. Kato, Y. K., Myers, R. C., Gossard, a. C. & Awschalom, D. D. Observation of the spin Hall 
effect in semiconductors. Science (New York, N.Y.) 306 , 1910-3 (2004). 

8. Tauber, K., Fedorov, D. V., Gradhand, M. & Mertig, I. Spin Hall and spin Nernst effect in 
dilute ternary alloys. Phys. Rev. B 87, 161114 (2013). 

9. Yao, Y. et al. Phys. Rev. Lett. 92 , 037204 (2004). 

10. Johnson, M. & Silsbee, R. H. Interfacial charge-spin coupling: Injection and detection of spin 
magnetization in metals. Phys. Rev. Lett. 55 , 1790-1793 (1985). 

11. Valenzuela, S. O. & Tinkham, M. Direct electronic measurement of the spin Hall effect. Nature 
442 , 176-179 (2006). 


12. Kimura, T., Otani, Y., Sato, T., Takahashi, S. &; Maekawa, S. Room-temperature reversible 



9 


spin Hall effect. Phys. Rev. Lett. 98, 156601 (2007). 

13. Miah, M. I. Observation of the anomalous Hall effect in GaAs. J. Phys. D 40, 1659-1663 
(2007). 

14. Wunderlich, J. et al. Spin-injection hall effect in a planar photovoltaic cell. Nature Physics 5, 
675 - 681 (2009). 

15. Okamoto, N. et al. Electric control of the spin Hall effect by intervalley transitions. Nature 
Mater. 13, 932 - 937 (2014). 

16. Maekawa, S., Valenzuela, S., Saitoh, E. & Kimura, T. Spin Current. Series on Semiconductor 
Science and Technology (OUP Oxford, 2012). 

17. Kajiwara, Y. et al. Transmission of electrical signals by spin-wave interconversion in a magnetic 
insulator. Nature 464, 262-266 (2010). 

18. Ando, K. et al. Angular dependence of inverse spin Hall effect induced by spin pumping 
investigated in a Ni81Fel9/Pt thin film. Phys. Rev. B 78, 014413 (2008). 

19. Huang, S. Y. et al. Transport magnetic proximity effects in platinum. Phys. Rev. Lett. 109, 
107204 (2012). 

20. Saitoh, E., Ueda, M., Miyajima, H. & Tatara, G. Conversion of spin current into charge current 
at room temperature: inverse spin-Hall effect. Appl. Phys. Lett. 88, 182509 (2006). 

21. Gui, Y. S., Mecking, N., Zhou, X., Williams, G. &; Hu, C.-M. Realization of a room-temperature 
spin dynamo: The spin rectification effect. Phys. Rev. Lett. 98, 107602 (2007). 

22. Bai, L. et al. Universal method for separating spin pumping from spin rectification voltage of 
ferromagnetic resonance. Phys. Rev. Lett. Ill, 217602 (2013). 

23. Mosendz, O., Pearson, J. E., Fradin, F. Y., Bader, S. D. & Hoffmann, a. Suppression of 
spin-pumping by a MgO tunnel-barrier. Appl. Phys. Lett. 96, 022502 (2010). 



10 


24. Du, C. et al. Probing the Spin Pumping Mechanism: Exchange Coupling with Exponential 
Decay in Y3Fe5012/Barrier/Pt Heterostructures. Phys. Rev. Lett. Ill, 247202 (2013). 

25. Niimi, Y. et al. Extrinsic spin hall effect induced by iridium impurities in copper. Phys. Rev. 
Lett. 106, 126601 (2011). 

26. Mazin, L I. How to define and calculate the degree of spin polarization in ferromagnets. Phys. 
Rev. Lett, 83, 1427-1430 (1999). 

27. Ashcroft, N. & Merrnin, N. Solid State Physics (Cengage Learning, 2011). 

28. Xu, Z., Gu, B., Mori, M., Ziman, T. Sz Maekawa, S. Sign change of the spin Hall effect due to 
electron correlation in nonmagnetic Culr alloys (2014). arXiv:1405.7449vl. 

29. Liu, L., Chen, C.-T. & Sun, J. Z. Spin Hall effect tunnelling spectroscopy. Nature Physics 10, 
561-566 (2014). 

30. Lowitzer, S. et al. Extrinsic and intrinsic contributions to the spin hall effect of alloys. Phys. 


Rev. Lett, 106, 056601 (2011). 



11 


Acknowledgement 

The authors thank Zhuo Xu and Jana Lnstikova for valuable discussions. This work 
was supported by ERATO “Spin Quantum Rectification”, PRESTO “Phase Interfaces for 
Highly Efficient Energy Utilization”, Strategic International Cooperative Program ASPI- 
MATT from JST, Japan, Grant-in-Aid for Scientific Research (A) (24244051, 25247056), 
Grant-in-Aid for Scientific Research on Innovative Area, “Nano Spin Conversion Science” 
(26103006), Grant-in-Aid for Young Scientists (A) (25707029), Grant-in-Aid for Young 
Scientists (B) (26790038), Grant-in-Aid for Challenging Exploratory Research (26600067), 
Grant-in-Aid for Research Activity Start-up (25889003) from MEXT, Japan, NEC corpora¬ 
tion, the Casio Science Promotion Foundation, and the Iwatani Naoji Foundation. 

Author contributions 

D.H. designed the experiment, collected all of the data and analyzed the data. E.S. 
supervised the study. Z.Q., D.H. fabricated the samples and performed the TEM charac¬ 
terization of the sample. D. H., R. I., K. S., K. U., Z. Q., G. E. W. B. and E. S. developed 
the explanation of the experiment. D. H., R. I., Z. Q., K. S. and E.S. wrote the manuscript. 
All authors discussed the results and commented on the manuscript. 



12 


Figure Captions: 

Fig. 1: The anomalous Hall effect induced by the non-equilibrium magneti¬ 
zation. In the presence of a non-equilibrium magnetization m, the spin-up and spin-down 
electrons are unequally populated in a normal metal (NM) and have spin Hall conductivities 
^she that depend on the spin-dependent chemical potentials /dd). When a charge current 
j c is applied normal to m, a finite anomalous Hall-like voltage may be expected. 
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Fig. 2: Experimental setup and observation of the non-equilibrium anoma¬ 
lous Hall effect, a, Cu 95 lr 5 /Y 3 Fe 5 Oi 2 bilayer structure and Hall effect measurement setup. 
Charge current is applied along the x axis and the Hall voltage is measured in the y direction. 
The magnetic field is applied normal to the sample surface which is a 2 mmx3 mm rectangle, 
b, Hall voltage measured in a Cug5lr5(24nm)/YIG sample at different applied currents with¬ 
out microwave excitation. The dashed lines are alinear fit of the normal Hall contribution. 
The inset shows the Hall resistance in a larger magnetic field range, c, Ficld(i/) dependence 
of the FMR signal (d//d H) under 50 mW microwave excitation, and Hfmr= 4920 Oe is the 
ferromagnetic resonance field, d, The Hall voltage under 50 mW microwave excitation with 
different applied currents, e, Definition of the magnetic field angle $h and the magnetization 
angle #m when applying a magnetic field with out-of-plane component, f, The Hall voltage 
measured with in-plane (#h = 0°, 180°) and perpendicular ($h = 90°, —90°) magnetic fields 


at 50 mW microwave excitation. 
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Fig. 3: Systematic measurement of non-equilibrium anomalous Hall effects. 

a, Field dependence of the Hall voltage measured with currents of constant magnitude but 
opposite polarities at 50 mW microwave excitation, \I\= 30 rnA (corresponds to a very low 
current density of 1.15 x 10 9 A/m 2 ). b, The current dependence of the Vahe signal at 50 mW 
microwave excitation. The solid line is a linear fit. c, Field dependence of the Hall voltage 
at different values of the microwave excitation power. The applied current is fixed at 30 
mA. d, Microwave power P M w dependence of Vahe hi Fig. 3c. The solid line is a linear fit. 
e, Magnetization angle (#m) dependence of Vahe(#m)/Vahe(#m = 90°). The filled circles are 
experimental data. The solid curve represents a model calculation without fitting parameters 
(see Eq. (Sll) in the Supplementary Information), f, Field dependence of the Hall voltage 
measured in a Cu9 5 Ir 5 (12 nm)/YIG (blue curves) and a Cu9 5 Ir 5 (12 nm)/SiO 2 (10 nm)/YIG 
sample (black curves). The microwave excitation power is 0 and 50 mW as labeled. 
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Fig. 4: Thickness dependence of the non-equilibrium anomalous Hall effect. 

The non-equilibrium AHE resistance in the samples with different Cugslrs thicknesses at 50 
mW microwave excitation. The filled circles are the experimental data, and the solid curve 
is a fit based on Equation (2) (see the Supplementary Information). The inset shows the 
thickness dependence of the averaged spin accumulation and spin polarization in Cugslrs 
films at different microwave excitation. 
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